Abstract: Repeat proteins comprise tandem arrays of a small structural motif. Their structure is defined and stabilized by interactions between residues that are close in the primary sequence. Several studies have investigated whether their structural modularity translates into modular thermodynamic properties. Tetratricopeptide repeat proteins (TPRs) are a class in which the repeated unit is a 34 amino acid helix-turn-helix motif. In this work, we use differential scanning calorimetry (DSC) to study the equilibrium stability of a series of TPR proteins with different numbers of an identical consensus repeat, from 2 to 20, CTPRa2 to CTPRa20. The DSC data provides direct evidence that the folding/unfolding transition of CTPR proteins does not fit a twostate folding model. Our results confirm and expand earlier studies on TPR proteins, which showed that apparent two-state unfolding curves are better fit by linear statistical mechanics models: 1D Ising models in which each repeat is treated as an independent folding unit.
Introduction
Repeat proteins contain tandem arrays of a small structural motif, which differ in length (typically 18-47 amino acids) and in structure (alpha, beta, or alpha/beta) depending on the particular family of repeat protein. Their architecture is sustained by contacts between residues close in the primary sequence, with no long-range interactions. Because of their regular modular structure, repeat proteins represent a simple model system in which to study the physical basis of protein folding and stability. [1] [2] [3] As an exemplar of this class, we focus on the tetratricopeptide repeat (TPR) protein family, 4, 5 in which the repeated unit is a 34 amino acid sequence that adopts a helix-turn-helix structure ( Fig. 1) . 6, 7 We have previously described the construction and characterization of a set of TPR proteins comprised of different numbers of tandem repeats of an identical consensus TPR unit-CTPRa2 to CTPRa20. [8] [9] [10] We have studied the folding and stability of these CTPR proteins using a variety of biophysical methods. 8, 9, 11, 12 Individual equilibrium chemical or thermal denaturation curves display a cooperative single transition, indistinguishable from the characteristic denaturation curves of small globular proteins, which exhibit a two-state folding/unfolding transition. 8, 9, 11 However, the denaturation curves of a family of proteins of different lengths are better described, and the experimental data are well-fit, by a 1D-Ising-model. 11, 13, 14 In this application of a 1D
Ising model, CTPR proteins are treated as linear
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polymers in which each repeat or helix is considered as the equivalent of an Ising spin, which can exist in one of two states: folded or unfolded. The Ising model predicts that a significant population of partially folded species will be populated at equilibrium close to the transition midpoint, and that such partially unfolded forms will have mostly the N-and/or C-terminal repeats unfolded. 11, 15 By contrast, in two-state folding/unfolding only fully folded and fully unfolded species are populated. Evidence that the TPR proteins do 'fray from the ends' comes from NMR hydrogen exchange (HX) studies of CTPR2 and CTPR3: The centermost helices are significantly more protected from exchange than the outer helices. 16 In addition, native state HX (NHX) experiments on CTPR2 and CTPR3, corroborate and expand the results of the initial HX experiments. Each helix has a different subglobal stability, which match those predicted by the Ising model. 15 Here we present a differential scanning calorimetry (DSC) study of the thermodynamics of the unfolding transition of the complete series of CTPRa proteins (2-20 repeats). [17] [18] [19] The DSC data clearly
show that these proteins exhibit non-two state unfolding behavior.
Results and Discussion
We performed a DSC study of all the proteins in the series: CTPRa2 to CTPRa20. The DSC thermograms show the following three characteristics (See Fig. 1 and Table I ):
1. The greater the number of repeats, the higher the value of T m . This behavior is consistent with the thermal denaturation data obtained by circular dichroism (CD). 9, 11 2. The greater the number of repeats, the sharper the denaturation peak, that is, the width at half height of the denaturation peak (DT 1/2 ) decreases as the number of repeats increases. This behavior is in agreement with the observation from the CD data that the unfolding curves become sharper (the m-value increases) as the number of identical repeats within the CTPR array increases. 9, 11 3. The greater the number of repeats, the greater the area under the endothermic peak (i.e., the unfolding enthalpy).
To properly analyze such denaturation curves, it is essential to establish that the transition is reversible. To this end, the protein samples were rescanned under identical conditions after reaching the temperature of denaturation. The first and successive rescans for each CTPR protein are superimposable, clearly indicating that the unfolding transitions are reversible (Supporting Information Fig. 1A ,B).
Calorimetric test for two-state behavior: van't Hoff versus calorimetric enthalpy
Whether or not an unfolding transition is two-state can be readily tested in a DSC experiment. The DCS thermogram can be fit to the van't Hoff equation for a two-state process, and the van't Hoff enthalpy Figure 1 . DSC thermograms of the proteins CTPRa2 to CTPRa20. The excess heat capacity is plotted versus temperature for CTPRa2 (green), CTPRa3 (yellow), CTPRa4 (magenta), CTPRa6 (cyan), CTPRa8 (blue), CTPRa10 (light green), and CTPRa20 (red). The curves are baseline-subtracted using a progressive baseline function and normalized to the molar protein concentration. Ribbon representations of the structures of three CTPR proteins within the series (CTPRa2, CTPRa4, and CTPRa20) are shown. Thermograms were recorded at a protein concentration of 0.5 mg/mL in 150 mM NaCl, 50 mM phosphate pH 6.8 buffer using a Micro Cal VP-Capillary DSC System (Micro Cal Llc, Northampton, MA), at a scan rate of 60 C/h. For all the CTPRs in the series (2-20 repeats) we observed that DH VH is smaller than DH cal , and that the difference between them increases as the number of repeats in the protein increases (Table I) .
Origin of the asymmetry of the thermograms
It is also clear that the thermograms are not symmetric, and that the asymmetry becomes increasingly pronounced as the number of repeats in the protein increases (Fig. 2) . A possible explanation for the asymmetry could be the contribution of kinetically determined irreversible processes. If such processes play a significant role, the shape of the thermograms should depend on the scan rate. To investigate this possibility, we acquired data using two different scan rates 60 C/h and 30 C/h. The DSC thermograms were unaffected by the change in the scan rate (Supporting Information Figure 1C ), thus effectively ruling out this possible artifactual origin of the asymmetry.
The asymmetry observed in the DSC thermograms is evident for all proteins in the series, and becomes more pronounced for longer arrays. The DSC unfolding peaks are skewed at temperatures below the transition midpoint (T m ), where the transition is less sharp and deviates more from the two-state fit (Fig. 2) . This observation can be explained by the existence of partially unfolded species before and around the transition mid-point but not after it. 
Heat capacity change for unfolding
Another important thermodynamic parameter that can be extracted from the thermograms is the heat capacity change, DC p , associated with the denaturation transition, that is, the difference in the heat capacity of the native and denatured states (Table I ) (Fig. 3A) . Direct calculation of the heat capacity from a single DSC scan depends on the quality of the DSC data and baseline stability. We consider the DSC data we present to be of sufficient quality (Fig. 3A) to allow the direct calculation of accurate DC p values in this fashion. We present the standard error obtained from two independent experiments (Fig. 3B) to lend additional support to this view. We found that the value of DC p increases linearly with the number of residues in the protein (Fig. 3B) . It is widely accepted that the value of DC p is linearly dependent on the change in solvent-accessible nonpolar surface area upon unfolding (DASA), which is directly proportional to the number of residues in a protein. 24 Such data has been assembled for a variety of globular proteins, and the slope of the plot of DC p versus number of residues is 0.016 kcal mol À1 deg À1 residues À1 . Interestingly, the slope of a plot of DC p versus number of residues for the set of CTPR proteins is 0.010 kcal mol À1 deg À1 residues À1 , significantly smaller than for globular proteins (Fig. 3B) . 23, 24 This observation implies that the surface area exposed upon unfolding of a CTPR protein is smaller than expected from the number of residues in the protein. It can be rationalized by two unusual features of CTPR proteins: (1) their unfolded state is more compact than predicted by the typical self avoiding random walk treatment of the denatured state, 25 and (2) their elongated native state results in a greater surface area to volume ratio than for a globular protein. 9 Both these effects will contribute to the observed deviation from the behavior of globular proteins. The change in accessible surface area in going from folded to compact unfolded is less than that in going from folded to extended unfolded. Similarly, the change in going from extended folded to unfolded is less than in going from compact folded to unfolded. We cannot estimate the possible contribution of a more compact unfolded state, because we do not have a detailed structural characterization of the thermally denatured unfolded state. We can, however, estimate the contribution of the extended folded state by calculating the ASA N from the crystals structures of the CTPR proteins using the program GETAREA (http://curie.utmb.edu/getarea.html). We can then compare these calculated ASA N to the ASA of globular proteins. We observe a small deviation for CTPR proteins with 20 or fewer repeats (Supporting Information Figure 2 ). We therefore conclude that the predominant cause of the deviation in the DC p values is the nature of the unfolded state.
Conclusions
Here we present direct experimental evidence for the non-two state unfolding behavior of modular designed proteins (CTPRs). The DSC thermograms for CTPR proteins cannot be fit to a two state model, which clearly shows that the CTPR proteins do not unfold by a two-state mechanism. In addition, the estimated van't Hoff enthalpy does not equal the calorimetric enthalpy, the van't Hoff enthalpy is lower. Interestingly, different conclusions were reached from DSC studies on a different class of repeat protein, the Notch ankyrin repeat domain (Nank). shows the data for DC p versus number of residues for many globular proteins. 23 The slope of this line is 0.016 kcal mol À1 deg À1 residues
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Zweifel and Barrick studied the thermal denaturation of Nank1-7 (the first 7 ank repeats of the Notch Ank domain) and Nank1-6 (first 6 repeats), note that these repeats are not identical to each other. 26 For Nank1-7 a ratio of DH VH to DH cal of 0.99 was determined, consistent with two-state unfolding/folding. 26, 27 The unfolding transition of Nank1-6 was much broader making quantitative analysis problematic, and preventing the definitive interpretation of the data as indicative of two-state or multistate unfolding. The reason for the difference in behavior of the TPR versus Ank proteins in the DSC experiments is not clear, because other studies on the Nank proteins clearly indicate non-two state ''Ising-like'' behavior. 28 In conclusion, the DSC thermograms of CTPR proteins and thermodynamic parameters calculated from them, clearly show how the modularity of these TPR proteins confers on them features that are readily distinguishable from those of globular proteins. The modular structure of TPR proteins translates into modular thermodynamics.
